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Previous studies have implicated human alpha-2-
macroglobulin (a2M) as a potential regulator of neuro-
nal development and function. Rat alpha-1-macro-
globulin (a1M) and acute-phase alpha-2-macroglobulin
(a2M) are murine homologues of humana2M. In this
report, we tested the effect of intracranially infused
serotonin-activated rata1M (5HT- a1M) on the concen-
tration of dopamine (DA) in the corpus striatum in
vivo and the effect of 5HT-activated rata1M and a2M
on the choline acetyltransferase (ChAT) activity upon
embryonic basal forebrain neurons in culture. The
results show that direct infusion of 0.65 nmole rat
5HT-a1M into the adult rat corpus striatum produced
a consistent attenuation upon striatal DA concentra-
tions. This decrease was particularly prominent at 5–7
days post-infusion. In addition, rat 5HT-a1M and rat
5HT-a2M, like human 5HT- a2M, all significantly
inhibited ChAT activity of embryonic rat cerebral
cortex neurons. Although normal humana2M and rat
a2M were either marginally or insignificantly inhibi-
tory in this preparation, normal rat a1M dose-
dependently inhibited ChAT activity. These results
demonstrate that monoamine-activateda-macroglobu-
lins from rat depress dopaminergic and cholinergic
neurotransmitter systems in the CNS, and this sug-
gests a potential regulatory role of these alpha-
macroglobulins in neurotransmitter metabolism. J.
Neurosci. Res. 51:541–550, 1998.r 1998 Wiley-Liss, Inc.
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INTRODUCTION
Rat alpha-1-macroglobulin (a1M) and alpha-2-

macroglobulin (a2M) are high-molecular-weight glycopro-
teins (mol. wt.5 7.05–7.33 105), which are structurally
and functionally homologous to humana2M and preg-
nancy zone protein (PZP). Thisa2M family of proteins

are proteinase inhibitors and possess internal thioester
bonds (Swenson and Howard, 1979; Sand et al., 1985;
Lonberg-Holm et al., 1987a). The physiological role of
thioester bonds ina2M homologues is unclear, but they
are known to either react with entrapped proteinases or be
auto-hydrolyzed subsequent to peptide bond cleavage on
thea2M site by the entrapped proteinase (Sottrup-Jensen
et al., 1981; Eggertsen at al., 1991). In addition, nucleo-
philic amines such as methylamine and serotonin readily
react with thioester bonds to form covalently linked
conjugates (Swenson and Howard, 1979; Liebl and Koo,
1993a). Such proteinase and amino complexes exhibit
faster electrophoretic mobilities (Barrett et al., 1979) and
are capable of binding toa2M-receptors (a2M-R/LRP),
which occur in various cell types including macrophages,
neurons, and astrocytes (Moestrup et al., 1992). Hence
amine-modified or proteinase-reacteda2M is also called
the ‘‘activated’’or ‘‘fast’’ form of a2M to differentiate it from
the normala2M (N-a2M), which lacks such properties.

Rata1M occurs naturally at high concentrations in
the plasma (. 1 mg/ml) (Gordon, 1976) and its mRNA is
expressed abundantly in such diverse tissues as the brain,
kidney, lung, liver, spleen, pancreas, and thymus (Eggert-
sen et al., 1991). Rata2M, on the other hand, occurs only
in trace amounts in tissues under normal conditions, but
its concentration is greatly elevated during inflammation
(. 2 mg/ml in plasma); hence it is an acute-phase protein
(Ganrot, 1973; Schaeufele and Koo, 1982; Lonberg-
Holm et al., 1987b).a1M shares 57% overall amino acid
sequence identity with rata2M (Eggertsen et al., 1991),
but rata2M is much more similar to humana2M in both
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antigenic property and subunit structure thana1M, albeit
humana2M is not an acute-phase protein (Schaeufele and
Koo, 1982). Aside from some structural and functional
characteristics, essentially nothing is known regarding
the physiological roles of these rat macroglobulins.

Recently both normal N-a2M and monoamine-
activateda2M (MN-a2M) of the mouse and the human
have been shown to carry neurotrophins and other
cytokines, presumably to protect the carried molecules
from tissue proteinases (Koo and Stach, 1989; Koo and
Liebl, 1992; Liebl and Koo, 1993b; Wolf and Gonias,
1994). In addition, human MN-a2M can dose-depen-
dently inhibit a) neurite outgrowth and survival of
embryonic central nervous system (CNS) and peripheral
nervous system (PNS) neurons (Koo and Liebl, 1992;
Liebl and Koo, 1993a), b) choline acetyltransferase
activity of basal forebrain neurons (Liebl and Koo, 1994),
c) dopamine (DA) release by adult caudate putamen (Hu
et al., 1994, 1996a), d) the development and maintenance
of long-term potentiation in adult rat hippocampal slice
(Çavuşet al., 1996), and e)trk receptor activation and
signal transduction presumably via its binding totrk (Koo
and Qiu, 1994). Human N-a2M, on the other hand, has
little or no such effects. Rats have twoa-macroglobulin
homologues, and rat MN-a2M also inhibits neurite out-
growth and ChAT activity of embryonic cortical neurons
(Koo et al., 1994). But it is not known ifa1M also has
similar neuro-inhibitory properties as human and rat
a2M.

In this report, we employed the homologous rat
system to test the effect of rat macroglobulins on the DA
concentrations in adult rat corpus striatum (CS) in vivo
and the choline acetyltransferase (ChAT) activity of
embryonic rat basal forebrain cells in vitro. These two test
systems were chosen for the following reasons: a) Both
DA and ChAT levels in the brain have been shown to be
adversely affected by MN-a2M (Hu et al., 1994; Liebl
and Koo, 1994; Koo et al., 1994; Hu et al., 1996a); b) the
losses of DA in CS and acetylcholine in the striatum and
basal forebrain are major abnormalities associated with
Parkinson’s and Alzheimer’s diseases, respectively; and
c) the inflammatory process and its by-products in the
brain (includinga2M in the senile plaques) have been
implicated as potential causes of neurodegenerative dis-
eases such as Alzheimer’s (Strauss et al., 1992; Liebl and
Koo, 1994; Stewart et al., 1997). Our results demonstrate
that the activated form ofa1M, like human MN-a2M, also
suppresses the two neurotransmitter systems. One surpris-
ing finding is that even rat N-a1M can also dose-
dependently inhibit ChAT activity of cholinergic neurons;
this suggests a potential regulatory role fora1M in the
CNS.

MATERIALS AND METHODS

Animals

Male (N530, 275–300 gm body weight) adult
Sprague-Dawley rats (Charles River Laboratories, Wilm-
ington, MA) were used in the present experiment. All
animals were housed individually in plastic cages under a
12:12 hr light:dark cycle with lights on at 06:00 hr. Food
and water were available ad libitum. All treatments used
in this experiment adhere to the NIH Guide for the Care
and Use of Laboratory Animals and were approved by the
Animal Care Committee at the College of Medicine.

Rat Alpha-Macroglobulin Purification
and Activation by Monoamines

Rata1M anda2M were, respectively, prepared from
normal and acute-phase plasma as previously described
with slight modifications (Schaeufele and Koo, 1982).
Briefly, to obtain acute-phase plasma, adult rats (Sprague-
Dawley, 250–400 gm) were injected intramuscularly with
turpentine and bled 2 days later. Normal and turpentine-
treated rats were bled by cardiac puncture and the blood
was collected into a syringe containing about 1/9 volume
3.8% sodium citrate in 2 mg/ml soybean trypsin inhibitor.
The blood and the plasma were kept in plastic containers
on ice throughout the preparation. Rat plasma was
obtained from the blood by centrifugation (1,200g, 30
min). The plasma was treated with barium chloride and
barium sulfate, and then fractionated by 4–12% polyeth-
ylene glycol in ice. Subsequently, the precipitate was
dissolved in 0.01 M sodium borate, pH 8.0, buffer. The
sample was applied onto a Blue-Sepharose column
equilibrated with the same buffer. Thea-macroglobulin
peak was pooled and then applied onto a Whatman DE-52
column also equilibrated with the same borate buffer. The
column was eluted successively with the following: 0.01
M sodium borate, pH 8.0, buffers containing, respec-
tively, 0.05, 0.08, 0.10, and 0.15 M NaCl. Rata1M and
a2M were, respectively, eluted by the 0.08 and 0.15 M
NaCl buffers from the DE-52 column. Thea-macroglobu-
lins were pooled, dialyzed into phosphate-buffered saline
(PBS), and sterilized by filtration (Acrodisc 0.22 µm
syringe filter, Gelman Sciences, Inc., Ann Arbor, MI)
before used in bioassays (Hudson and Koo, 1982). The
presence ofa1M and a2M in each column fraction was
detected by double immunodiffusion using rabbit anti-rat
a1M and anti-rata2M antibodies, respectively (Schaeu-
fele and Koo, 1982).

Methylamine- or serotonin-activateda1M anda2M
(MA-a1M, 5HT-a1M; MA- a2M, 5HT-a2M) were ob-
tained by incubating the purified normal rata-macroglobu-
lin with 0.04 M methylamine or serotonin (in 0.2 M
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Tris-HCl buffer, pH58.1) for 2.5 hr at 37°C, and then
dialysized with PBS. The purity and concentration of an
a-macroglobulin preparation were determined as de-
scribed previously (Schaeufele and Koo, 1982). The
extent of modification of each protein was determined by
trypsin binding assay (Koo and Liebl, 1992).

Surgical Methods and General Procedures

The animals received a unilateral infusion of 5HT-
a1M into one side of the corpus striatum (CS) (right or
left) and a unilateral infusion of its PBS vehicle into the
contralateral side. The sides of the CS receiving 5HT-
a1M or PBS were alternated for each animal. Infusions
were performed while the animals were under a ketamine:
acepromazine anesthesia (10:1) at a dose of 100 mg/kg
i.p., with supplemental doses administered as required.
The infusion cannula (30 g) was inserted by using a
stereotaxic apparatus with coordinates derived from the
DeGroot rat brain atlas (1959). Cannula placement was
directed toward the rostral dorsal area of the CS using the
coordinates 2.3 mm anterior to bregma, 2.5 mm lateral
from the superior sagittal sinus, and to a depth of 4.4 mm
from dura. The 5HT-a1M was maintained in PBS (pH
7.2) at a concentration of 35.4 mg/ml. Infusions (5HT-
a1M or PBS) were performed over a 20 min period by
using a peristaltic pump at a flow rate of 0.667 µl/min.
Rats were divided into five groups and sacrificed respec-
tively on days 1, 2, 3, 5, and 7 following infusions. The
animals were sacrificed by rapid decapitation and the CS
from each side of the brain was dissected. Following a
midline incision, the bisected brain was separated. The
ventricles on the medial side of the brain were pried open
and the cortex cut away revealing the CS. The perimeter
of the CS within the corpus callosum, anterior commis-
sure, and internal capsule/cortex was cut and the CS
removed using curved scissors. The tissue was weighed
and placed in 500 µl of cold 0.1 N perchloric acid.
Subsequently, tissue samples were sonicated, centrifuged,
and an aliquot removed for determination of dopamine
(DA). In addition to the CS, the olfactory tubercle (OT)
was also dissected bilaterally from each animal and
prepared for determination of DA concentrations. Dissec-
tion and assay of OT DA concentrations served as a
control to evaluate the amount of variation between
bilateral estimations of DA concentrations attributable to
factors involved in dissection and assay of tissue concen-
trations. The evaluation for the effects of foreign protein
infusions into the CS has been performed previously by
using bovine serum albumin (BSA) vs. PBS infusions
(Hu et al., 1994).

Dopamine Assay
Tissue samples were assayed for DA using a

high-performance liquid chromatography system with
electrochemical detection (ESA Inc., West Lafayette, IN).
Biogenic amines were separated on a biophase C-18, 5
µm sphere column (Bioanalytical Systems, Inc.). The
mobile phase consisted of 50 mM sodium acetate, 27.4
mM citric acid, 10 mM EDTA, and 7% methanol in
filtered distilled water. The final pH of 4.5 was achieved
with the addition of sodium hydroxide and the mobile
phase was filtered (0.45 µm filter, Millipore Corp.,
Bedford, MA) prior to use. Standards for DA were stored
in 0.1 N perchloric acid and doses of 31, 62, 125, 250, and
500 pg/20 µl were used to construct a standard curve. The
sensitivity for DA as defined by a response three times
above baseline noise was between 15.5 and 31 pg.

Choline Acetyltransferase (ChAT) Assay
ChAT assays were performed on embryonic rat

basal forebrain cells, which were obtained from timed
pregnant rat (E-15) under sterile conditions. Frontal
cortices were dissected from eight to ten embryos, the
tissues were dissociated by trypsinization, and the cells
were combined. An aliquot containing 13 107 cells was
added to each 35 mm Petri plate (Falcon, Oxnard, CA)
containing fresh growth media [Eagle’s minimal essential
medium, containing 10% fetal bovine serum, 0.1% D-
glucose, 2 mM L-glutamine, and 50 µg/ml gentamicin
(Sigma Chemical Co., St. Louis, MO)] (Liebl and Koo,
1993a). The cells (13 107) were then separately incu-
bated with PBS, BSA, rata1M, a2M, 5HT-a1M, or
5HT-a2M in a final volume of 2 ml for 3 days at 37°C in a
humidified 5% CO2 atmosphere. The effect of rata1M,
a2M, 5HT-a1M, and 5HT-a2M on ChAT activity was then
determined as described by Fonnum (1975) and com-
pared to that of BSA controls carried out in parallel under
the same culture conditions as described by Liebl and
Koo (1994). Briefly, following the completion of a
desired incubation time, the forebrain cortical cells in
each culture plate were homogenized in 100 µl PBS. The
homogenates, 25 µl in triplicate, were treated with 4 µl of
10% Triton X-100 to release ChAT. An additional 10 µl
aliquot was stored at220°C for protein determination
(Lowry et al., 1951). A 50-µl aliquot of a solution
containing 0.2 nmole [3H]acetyl coenzyme A (specific
radioactivity 5 437,440 dpm/nmole; New England
Nuclear, Boston, MA), 8 mM choline bromide, 300 mM
sodium chloride, 20 mM EDTA, and 0.1 mM physostig-
mine in 50 mM sodium phosphate buffer at pH 7.4 was
then added to the homogenate-triton mixture. After 30
min incubation at 37°C, the mixture was washed with
cold PBS and transferred to a scintillation vial. To each
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vial was added 2 ml of 15 mM tetraphenylboron in
acetonitrile and 8 ml of a toluene scintillation mixture
(6% PPO and 0.02% POPOP). The vial was briefly
shaken to allow the radioactive acetylcholine to be
separated into the toluene phase. Each sample was
counted for radioactivity and the ChAT activity expressed
as pmoles/min/mg protein.

Statistical Analysis for Dopamine Assay
Concentrations of DA, expressed as pg of DA per

mg of tissue weight, were compared between CS sides
infused with 5HT-a1M vs. PBS for each group of animals
sacrificed on days 1, 2, 3, 5, and 7 post-infusion. A 23 5
(Treatment 3 Day of Sacrifice) independent groups
two-way ANOVA was used to analyze these data. The
Fisher’s Least Significance Test was used to analyze
Post-hoc difference between 5HT-a1M vs. PBS sides on
each day with aP ,0.05 required for results to be
considered statistically significant. An identical analysis
was applied to the OT data. The significance of the ChAT
data were calculated according to the Student’s t-test.

RESULTS
The Effect of 5HT-a1M on Dopamine Concentrations
in CS in Vivo

The effect of 5HT-a1M vs. PBS infusion in vivo
upon DA concentrations (pg/mg) from CS along with the
corresponding determinations from OT are presented in
Figure 1A,B. The overall values (mean6 SEM) of the
total DA concentrations from CS or OT of the animals
dissected at days 1, 2, 3, 5, and 7 following infusions are
shown in line graphs. Analysis of the CS data shows an
overall significant reduction in DA concentration on sides
of the CS infused with 5HT-a1M (F[1,50] 5 24.85, P
,0.0001). An evaluation by post-hoc Fisher’s Least
Significance Test revealed that CS DA concentrations on
sides infused with the 5HT-a1M were significantly lower
than contralateral PBS infused sides on days 2, 5, and 7
post-infusion. No significant differences between the two
CS sides were obtained at days 1 or 3 post-infusion.

No statistically significant treatment effects (F[1,50] 5
0.90,P 5 0.35) or interactions (F[4,50] 5 0.42,P 5 0.79)
were obtained for the OT DA concentrations. There was
an overall statistically significant effect for the day of
sacrifice with OT DA concentration levels on day 7 being
greater than that observed on days 1,3, and 5.

The DA concentrations from sides of the CS infused
with 5HT-a1M versus PBS-treated contralateral controls
were also compared, each with respect to the mean DA
concentration of both sides of OT for each animal (Fig.
2). Analysis of these data (in ratios of (DA of CS)/(DA of

OT) again shows an overall significant reduction in DA
from the 5HT-a1M-treated sides in comparison with the
PBS-treated sides of the animals dissected at the same
five time periods (P , 0.05).

The Effect of a1M, a2M, 5HT- a1M, and 5HT-a2M
on ChAT Activity

The effect of rat alpha-macroglobulins on ChAT
expression was determined by cholinergic basal forebrain
neuron culture. Rat normala2M and 5HT-a2M were
compared to humana2M and BSA in 3-day-old cultures
containing 13 107 cells and 0.75 mg/ml of test proteins.
The results obtained from the PBS vs. BSA cultures were
not significantly different from each other, so all the
a-macroglobulin results were compared to and calculated
with respect to the BSA controls. Figure 3 shows that
human 5HT-a2M (H:5HT-a2M) produced a 40% decrease
in ChAT activity, while normal humana2M (H:a2M)
produced only a 16% reduction. Rat 5HT-a2M (R:5HT-
a2M) produced a similar effect as human 5HT-a2M at the
samea2M concentration, having a 36% decrease in ChAT
activity. Normal rat a2M (R:a2M) produced a 10%
decrease in ChAT activity. Furthermore, rat 5HT-a2M at
the 0.25 mg/ml concentration only produced a 17%
decrease in ChAT expression, which correlates with the
20% decrease produced by 0.25 mg/ml human 5HT-a2M
(Liebl and Koo, 1994). The above results suggest that
both rat and human 5HT-a2M are similar in their abilities
to inhibit ChAT activity.

The effect of rat normala1M and 5HT-a1M on
ChAT expression has also been studied. Figure 4 shows
that normal rata1M could dose-dependently decrease
ChAT activity after 3 days of incubation, with rata1M at
0.25, 0.75, and 1.5 mg/ml, all producing statistically
significant dose-dependent decreases (24%, 47%, and
66% decreases, respectively) in ChAT activity. 5HT-a1M
also produced a 62% decrease in ChAT activity. Although
both normal and 5HT-a1M are inhibitory, 5HT-a1M is
slightly more active (i.e., 47 vs. 62%). Such ChAT

Fig. 1. A: Comparisons of dopamine (DA) concentrations
(pg-DA/mg-tissue weight) from sides of the corpus striatum
(CS) infused with 472.2 µg (0.65 nmole) of rat 5HT-a1M in the
PBS vehicle vs. PBS only treated contralateral CS (control).
Values represent the mean6 SEM from rats sacrificed at 1, 2, 3,
5, and 7 days post-infusion with N56 rats at each day.
Concentrations of DA from CS sides infused with rat 5HT-a1M
were significantly lower (P ,0.05) than untreated contralateral
sides at 2, 5, and 7 days post-infusion.B: Comparisons of DA
concentrations from the corresponding olfactory tubercle (OT)
of the animals described in A. No statistically significant
differences between the two sides of OT were obtained on any
of the days sampled.
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inhibition was not due to cell loss, since there was no
visible decrease in cell viability in all the cultures seeded
at high cell numbers (such as 13 107 cells/plate) even
after 6 days of culture. We conclude from the above data
that both rat MN-a1M and MN-a2M, like human MN-
a2M, are inhibitory to dopaminergic and cholinergic
neurotransmitter systems, but it is particularly surprising
to find rat normala1M also being dose-dependently
inhibitory to ChAT, since all our data to date show normal
a2M from rat and human are only marginally inhibitory
or not at all (Liebl and Koo, 1994; Koo et al., 1994; Hu et
al., 1996a).

DISCUSSION
Human MN-a2M has been previously shown to

consistently and dose-dependently inhibit the functions

of all the CNS and PNS neurons and in vitro cell lines
tested, whereas N-a2M is generally inactive (Koo et al.,
1994; Çavuş et al., 1996; Hu et al., 1996a,b). Our
preliminary report also demonstrated that MN-a2M of the
rat is also inhibitory to the central neurons (Koo et al.,
1994). Hence the effect ofa2M on the nervous system has
been quite established in various in vitro and in vivo
systems, but the effect ofa1M on neurons has never been
studied. Therefore, in this report we primarily investi-
gated the effect ofa1M on two CNS neurotransmitter
systems. In addition, we expanded our investigation in rat
a2M and postulate its potential role in CNS neurodegener-
ative diseases.

Our previous studies have shown that human methyl-
amine-activateda2M induces an acute-phase initial burst
increase of DA release in vitro and a final long-term
decrease in CS DA concentrations (Hu et al., 1994,

Fig. 2. Comparisons of the dopamine (DA) concentrations
from sides of the corpus striatum (CS) infused with 472.2 µg
(0.65 nmole) of rat 5HT-a1M in the PBS vehicle vs. PBS only
treated contralateral CS (control) as expressed by the ratio of
CS DA/OT DA concentrations of the corresponding animals.
The overall mean OT DA concentration [(left1 right)/2] for
each animal was used in these calculations since no differences
in OT DA concentrations were obtained between 5HT-a1M-
treated and control sides. Values represent the mean6 SEM of
the ratio of CS DA concentrations/OT mean DA concentration
from rats sacrificed at 1, 2, 3, 5, and 7 days post-infusion with
N56 rats at each day. Overall concentrations of DA from CS
sides infused with rat 5HT-a1M were significantly lower (P ,
0.05) than untreated contralateral sides. In addition the ratios of
DA from CS sides infused with rat 5HT-a1M were significantly
lower than contralateral sides infused with PBS at 2, 5, and 7
days post-infusion.

Fig. 3. The percent change in the ChAT activity of cholinergic
basal forebrain cultures containing human (H) and rat (R)
normala2M and 5HT-a2M, as compared to the ChAT activity in
the BSA control. BSA (0.75 mg/ml) or 5HT-a2M (0.25 and 0.5
mg/ml) was incubated with 13 107 cells for 3 days at 37°C in a
5% CO2 humidified atmosphere as described in the methods.
The ChAT activity of the BSA control was 190 pmoles/min/mg
protein, which was used as a reference standard representing
100% ChAT activity. With respect to the BSA control (as
100%), statistically significant differences were obtained for the
human normala2M (0.5 mg/ml, P,0.05), human 5HT-a2M
(0.5 mg/ml,P2M (0.5 mg/ml,P,0.005), rat normala2M (0.5
mg/ml,P,0.2), and rat 5HT-a2M (0.5 mg/ml,P,0.005 ).
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1996a). In this study, we report that 5HT-a1M, a mono-
amine-activated form of a rodent plasma protein homo-
logue to humana2M, has a similar long-term effect on the
changes of CS DA concentrations. That is, rat 5HT-a1M
induces an overall statistically significant reduction in DA
concentrations from the CS of male adult rats following
infusion (Fig. 1A). The mean value of DA concentrations
of the 5HT-a1M-treated sides decreased to as low as 57%
compared with the contralateral PBS control sides of the
same animals. This inhibitory effect of rat 5HT-a1M was
unlikely due to a) covalent reaction between DA and
5HT-a1M, since 5HT-a1M does not have active thioester
bonds, and b) the nonspecific absorption of DA by
5HT-a1M via electrostatic interactions, since normala2M
(which is very similar toa1M in structural and charge
properties) and BSA (which is more anionic than either
a1M or a2M) were not inhibitory (Hu et al., 1994).

The experiment was also designed to test the time
course of this inhibitory effect of 5HT-a1M on the

changes of DA concentrations in CS and OT. The data
show a reduction of CS DA concentrations by 5HT-a1M.
This reduction appeared to have started from post-
infusion day 2 and became more evident between day 4
and day 7 post-infusion, since there is no significant
difference between individual readings of the CS samples
of 5HT-a1M-treated sides (Fig. 1A). The data failed to
show any significant difference between the control and
5HT-a1M-treated sides during post-infusion days 1 and 3.
This absence of a statistically significant difference
during this period is due to the reduced DA concentra-
tions of the control sides, which may likely reflect a
generalized recovery from the surgical lesions during this
acute post-operative period. Variations in OT DA concen-
trations as a function of day of sacrifice may similarly be
attributable to a generalized recovery from surgery. No
significant differences between the DA concentrations
between two sides of OT tissue samples taken from the
same group of rats were observed on any of the post-
infusion days tested (Fig. 1B). These OT data serve as an
important control with regard to two aspects of our
findings. First, they indicate that differences between the
sampling of the two sides of the CS cannot be attributed
to methodological factors involved in tissue dissection
and assay. Second, they demonstrate the localized effect
and the absence of diffusion of this protein with our
infusions.

Our earlier preliminary results showed that rat
5HT-a2M not only inhibited neurite outgrowth but also
ChAT activity in embryonic rat basal forebrain cells in
culture (Koo et al., 1994). In the present report we further
show that rat MN-a2M, like human MN-a2M (Liebl and
Koo, 1994), dose-dependently inhibited ChAT activity in
these cells, whereas N-a2M is inactive (Fig. 2). This
inhibition is not due to loss of cell survival in culture,
since the inhibition results were compared to the N-a2M
and BSA controls (Fig. 2) and these forebrain cells did not
show significant reductions in number after 3 days of
culture (Liebl and Koo, 1994). In addition, activateda2M
has been shown not directly toxic to other neurons,
pheochromocytoma PC12 cells, and human neuroblas-
toma SY5Y cells (Koo and Liebl, 1992; Koo and Qiu,
1994; Hu, 1997). It is not surprising that both human and
rat MN-a2M should have identical suppressive effects on
ChAT (Fig. 2) and neurite outgrowth (Koo and Liebl,
1992; Liebl and Koo, 1993a; Koo et al., 1994), since
these macroglobulins are very similar antigenically, struc-
turally as well as functionally. Ifa2M is an important
physiological and neurological regulator, it makes sense
that it should be represented either at a high constitutive
level in higher mammals such as humans (i.e., about 2
mg/ml in human serum) or as an acute-phase protein in
some animals in response to stimuli. Apparentlya1M
replacesa2M in rats as a potential physiological and

Fig. 4. The percent change in the ChAT activity of cholinergic
basal forebrain cultures containing rat normala1M or 5HT-a1M
as compared to the ChAT activity in the BSA control. BSA
(0.75 mg/ml), normala1M (0.1, 0.25, 0.75, and 1.5 mg/ml), or
5HT-a1M (0.75 mg/ml) was incubated with 13 107 cells for 3
days at 37°C in a 5% CO2 humidified atmosphere as described
in the methods. The ChAT activity of the BSA control was
107.4 pmoles/min/mg protein, which represents 100% ChAT
activity. With respect to the BSA control (as 100%) statistically
significant differences were obtained for thea1M (0.1 mg/ml,
P,0.01), a1M (0.25 mg/ml, P,0.03), a1M (0.75 mg/ml,
P,0.01), rat normala1M (1.5 mg/ml, P,0.001), and rat
5HT-a1M (0.75 mg/ml,P,0.001).
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neurological regulator under normal unstimulated condi-
tions. If a1M is to replacea2M as a neuro-regulator, one
would expect MN-a1M should also be inhibitory to
neurons; this is in fact what was found with regard to their
effects on DA and ChAT (Figs. 1, 3). But the surprising
finding is that N-a1M is also dose-dependently inhibitory
to ChAT (Fig. 3), whereas both rat and human N-a2Ms
are not (Fig. 2). Althougha1M is less inhibitory than
MN-a2M, it nevertheless could be sufficiently inhibitory
to serve as a negative regulator for the ChAT activity in
CNS neurons.

Rat a1M and a2M may potentially be involved in
neuroregulation and neurodegeneration. Rata2M and its
receptor (a2MR/LRP) have been shown to occur in
various tissues including the brain (Kodelja et al., 1986;
Bu et al., 1994; Higuchi et al., 1994), and rata-
macroglobulins, like humana2M, can noncovalently bind
to, and potentially stabilize, a variety of neurotrophins
like nerve growth factor (NGF) and brain-derived growth
factor (BDNF) (Koo and Stach, 1989; Liebl, 1994). Not
only these properties of rata2M are shared by the human,
but human MN-a2M are known also to exert significant
effects on both PNS and CNS neurons (Koo and Liebl,
1992; Liebl and Koo, 1993a; Liebl and Koo, 1994; Koo
and Qiu, 1994; Hu et al., 1996b; C¸ avuş et al., 1996).
Since rata-macroglobulins are structural and functional
homologues of humana2M, it is reasonable to assume
that both rata1M and a2M can also exert substantial
influences upon the nervous system. Our recent studies
with rat a-macroglobulin isoforms have indeed uncov-
ered some fascinating effects of these proteins (Liebl,
1994; Koo et al., 1996). In the peripheral nervous system
(PNS), rata1M and rata2M have been demonstrated to
have opposing effects on sciatic nerve axonal regenera-
tion, with 5HT-a1M stimulating axonal regeneration
while 5HT-a2M inhibiting nerve regeneration. Hence rat
a-macroglobulins, as a yin-yang pair, can potentially
regulate the growth and regeneration of peripheral nerves.
In the central nervous system (CNS), the effect of these
two rat alpha-macroglobulins seems more complicated.
The same opposing effects have been observed on neurite
outgrowth in the embryonic rat basal forebrain cell
cultures; for example, rat 5HT-a2M, like human mono-
amine-activateda2M, inhibited neurite extension, while
5HT-a1M stimulated this process (Liebl and Koo, 1993a,
Liebl, 1994). But both rat 5HT-a1M and 5HT-a2M
produce a similar inhibitory effect on the neurotransmitter
systems studied here.

The data presented here clearly show that both
5HT-a1M and 5HT-a2M can significantly inhibit choline
acetyltransferase (CHAT) activities in embryonic basal
forebrain cholinergic neurons in vitro. In addition, 5HT-
a1M can dramatically affect the DA levels in CS in a long
time-course manner similar to that observed with human

MA-a2M (Hu et al., 1994). From this and our previous
studies, one general principle appears to emerge. The
activated form ofa2M, regardless the species of origin, is
consistently inhibitory to various neuronal functions in
both CNS and PNS, whereas rata1M is able to elicit
different effects in neurons. Specifically, activated rat
a1M stimulated neurite outgrowth in vitro and sciatic
nerve regeneration in vivo but inhibited neurotransmitter
synthesis in the CNS. In this respect,a1M behaves like
growth factors or cytokines such as fibroblast growth
factor-II (FGF-II) and interleukin 6 (IL-6). FGF-II sup-
ports neuronal survival and the growth of neurites in
culture (Morrison et al., 1986; Walicke et al., 1986) but
suppresses NGF-induced ChAT activity in embryonic
septal cholinergic neurons (Matsuda et al., 1990). IL-6 is
believed to accelerate the regeneration process of axoto-
mized hypoglossal nerve in mice (Hirota et al., 1996) but
also promotes cerebral degeneration in transgenic mice
expressing higher levels of IL-6 (Campbell et al., 1993).
Hence a-macroglobulins, like numerous cytokines ca-
pable of eliciting divergent effects from different tissues,
may also play a regulatory role in nerve growth, regenera-
tion, and neurotransmitter metabolism.

Basal forebrain cholinergic neurons and striatal
dopamine neurons studied here represent major sites of
degeneration in Alzheimer’s and Parkinson’s diseases,
respectively, and an acute-phase state or the inflammatory
process has been implicated as a major cause of such
neurodegenerative diseases (Giometto et al., 1988; Abra-
ham, 1992; Bauer et al., 1992; Stewart et al., 1997).
Increased level ofa2M also appears to be associated with
a) advancing age (Garton et al., 1991), b) stimulation of
inflammatory cytokines (Ganter et al., 1991; Fabrizi et
al., 1994; Hocke et al., 1992), c) Alzheimer’s senile
plaques (Van Gool et al., 1993), and d) an acute-phase
state (Bauer et al., 1991, 1992). Here we demonstrate the
effect ofa-macroglobulins on the striatal and cholinergic
neurons, and suggest a potentially important role for the
a-macroglobulin family proteins in CNS neurodegenera-
tive disorders associated with these systems.

Activated or ‘‘fast’’ a2M has been detected to occur
normally in various biologic fluids and its concentration
is greatly increased in several human inflammatory
conditions investigated (Jespersen et al., 1993; Bank et
al., 1990, 1991). In addition, accumulation of amines has
been detected in cerebral infarction, Parkinson’s disease,
Alzheimer’s disease, and Huntington Chorea, as well as
in the axons of degenerating neuros (Willis et al., 1987).
The conditions under which activateda2M can accumu-
late in the brain have been discussed (Hu et al., 1994).
The locally accumulateda2M, as detected in the senile
plaques and Alzheimer’s temporal cortex (Van Gool et al.,
1993; Wood et al., 1993), can potentially react with and
be activated by inflammatory amines and amino-
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neurotransmitters generated in the CNS. According to our
previous findings, the activated or ‘‘fast’’a2M is expected
to more efficiently bind or ‘‘entrap’’ neurotrophins like
NGF, BDNF, neurotrophin-3 (NT-3), and NT4/5 (Liebl
and Koo, 1993b; Hu et al., 1994; Koo and Qiu, 1994;
Wolf and Gonias, 1994), and activateda2M can also
selectively bind totrk receptors and inhibit neuronal
functions (Koo and Qiu, 1994; Hu et al., 1996b; Koo et
al., 1996). Via such interactions, activateda2M may
additionally decrease the concentrations of neurotransmit-
ters and neurotrophins/cytokines in the vicinity, and may
contribute to neuronal dysfunction.
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